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ABSTRACT 
In order to determine the inelastic buckling strength 
0£ pin-ended rectangular portal frames, three sets of 
frames with varying heights were testedo -The frames were 
fabricated from a specially rolled mild steel fence post 
section having geometric properties similar to those of a 
wide flange rolled shape and were subjected to three con-
centrated load on each beam and one at the top of each 
columno 
Load was applied by a lever sys~em and metal dead 
weightso In each test, observations were made to deter-
mine the critical load which would cause sidesway of the 
frame. Thus the maximum load carried by a frame was 
determinedo The test re.sults were compared with those 
obtained from theoretical predictionso 
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lo INTRODUCTION 
., 
The method of plastic design in steel structures has 
been rapidly accepted in this countryo So far several hun-
dreds of plastically designed buildings have been erected. (l) 
For a general introduction to the concepts involved in such 
methods~ reference can be made to (2) and (3)o 
One of the important assumptions made in the plastic 
methods of designing structures is that no buckling of any 
type sho1uld occur prior to the formation of the plastic 
mechanismo Lo-eal buckling and the buckling of individual 
· members are not the scope of this investigationo However, 
the maximum load which the structure as a whole can carry 
may be less than the load computed on the basis of the 
strength of its individua.I members if sidesway is not pre-
ventedo In this case the possibility exists that the frame, 
i 
as a whole, becomes unstable before the plastic mechanism is 
' formedo If this occurs the structure is said to have :failed 
; . 
by "frame instability"o 
The phenomena of overall instability are illustrated 
. 
ih Figo 1 for a portal frame which is not prevented from 
sideswayo 
In case 1 the frame carries no ,primary bending moment, 
therefore the behavior of the frame is analogous to that of 
I f ' I 
.... ··-··- .. · ··--·- .... 
I 
I 
'I 
' I 
; II 
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-2 
a centrally loaded column, in which bifurcation of equili-
brium is possible at a certain critical loado In the elastic 
range the problems are solved both theoretically and experi-
mentally. However, not much work has yet been done in t1e 
inelastic rangeo 
In case 2 of Figo 1, the frame carries primary bending 
I . 
i 
moments at the instant when the system passes from stable 
to unstable equilibriumo This is the more practical situa-
tion since rigid frames are primarily designed to support 
loads by bending action rather than by compression. The 
solution to this type of stability problem becomes very 
complicated and only a few attempts have been made to solve 
them. Among these are the investigations by Chwalla(4,5), 
Puwein( 6) and Masur, et al(7), in the elastic range and 
experimental work by Bolton(8), Salem(9), Gurney{lO) and 
Low(ll) in the inelastic rangeo 
Until the completion of Lu•s( 12 ) dtssertation, there 
was no analytical method by which inelastic frame instability 
of this type could be predicted precisely. Lu's method is 
based on the modified moment distribution procedure due to 
Winter, et al(l3), in which stiffnesses are modified for 
the effect of axial force present in the members at a given 
I 
loado In this analysis, all the required stiffness and 
carry over constants are modified not only for the effect ot 
I • 
I 
"• .~ .. - . . - - . -
'. ... - . :. ·., . . -- .... ..:.: . . .. . . .. -L, . ...: - - _..... - -. ·.,;. 
.-.. :-.. : .. :;:_. ...... : ........ _ ....................... -
·--· .. ···-- ··-- -- --·-·---------
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axial force but also for· .. the effect of yie:lci'ing:o· The method 
of analysis is outlined as followso 
First the frame is assumed to be braced from 1Sidesway 
instabilityo By a numerical integration process the moment 
vs o angular rotation curve of the beam due 
1
to vertical load-
ing and end moment is obtainedo The end mom~nt vso rotation 
curve of a column was·developed by· Ojalvo in Reference 14. 
Applying the boundary condition of equal beam and column 
rotation at the knee of the frame:; the moment and rotation 
at the knee are determined at the assumed total vertical load. 
1 
Kn.owing the two end moments, the moment diagram or the 
·b·ea.m may be easily constructed by statics o Since the effec-
-
tive flexual rigidity ( EI) eft~ o of the section can be deter-
:rni.ned as :the instantaneous slope on the M~¢ · di~gram corres-
p6ndihg to the applied moment, the width of the analogous 
column may be determinede By the method of colmnn analogy, 
stiffnes~ and carry over factors of beam may be determined. 
The stiffness factor of the column with a hinged end can be 
determined as the slope of the moment-rotation curve of' a 
beam ... colurnno Having the st·iffness and carry over . .factors of 
1, 
--·---·-·····"·- ---·- --·--·--· .. ···- ----· - .. -,---, -- . --- .. -~-.._,.... - ~~-----------·--------·----------------·-··--·---------·--·· ---·-·-·-··---------·-·· -----···-·-·-··--·· ·---------------- -------·-·--·-----·-------··-. --·---·---·-····· ---· --··- ---- -- ----- ------
" 
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the members, it is then poss·ible to determine the effects of 
a small lateral displacemento By introducing arbitrary fixed 
end moments due to sidesway displacement of the column tops 
and performing a moment distribution computation ror the 
frame, the moments at· the knees 11of the columns are determined. 
I 
I 
w 
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From the moments in columI1s j the horizontal shear force in. 
the frame can be obtainedo As a criterion of·sidesway 
i 
buckling~ the critical condition will be reached when the 
sum: of the resulting shears becomes zeroo In other words, 
no lateral force is required to push the frame sidewise as 
.. it ... is in actual loading condi tiono The load corresponding 
.. . t 
1 "' 
to this critical cohdition determines the inelastic buck-
1.ing strength of the frameo This paper presents the results 
·of tests made to verify t·h·e:. theoretical solution for the 
irtstability of synnnetrical frames- loaded vertically only 
and having primary bending moment in, the frame o 
.· ' 
A thir.d type of frame instabili.ty· is shown in Case 3 
Qf ·Ftgt,· .le. ThE3
1 
·.f·rame is subjected ·to a. combination of hori-
zontal and vertical rorceso It deforms laterally from the 
first load applicationo The change in geometry introduces 
additional benqJng moment in the columnso The whole frame 
becomes unstable in this deformed position much like an 
(' 
eccentrically loaded colum.no At a certain critical loading, 
the structure continues to deform without an increase in 
.... 
-·~: ._Jr 
. , 
I ' 
loado This leads the frame to a failureo This problem is i 
···-······-·"····--··-----------··--··· .. -----·-··---··-·---···-···--· ·--··---·- -·-·-··--·-··-----···--··-·-·····---- ,·---------·-··-----·----------·-----·-·-----
·----"<µ~---~ ---·---·----·· --·- .. - . -·---·-
LI 
important in the design of multi-story buildings subjected 
to wind loadsa Future work both analytical and experimental 
is required on- t}us subjecto 
J. 
.. 
. -<~-· ~:· 
\ 
-~--- - ----
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. ~ l . 
Since 1958 research on the problem of frame stability· 
has been carried on at Fritz Engineering Laboratory as a part 
of the broad investigation titled "Welded Continuous Frames 
and Their Components no Several model frames of welded box 
sections were testedo 
Reference 150 
Their results will be found in 
' ' -·-
In order to verify the ine·lastic buckling solution in 
Lu's work
9 
three sets of model frames with column slenderness 
ratios of 40, 60 and 80 were proposed for test in June 1960. 
The frames simulated the first floor of a three story building. 
' 
Figo 2 shows the dimension and loading of the frames. The 
frames were loaded by dead weights magnified by a lever sys~_em 
so that there was proportional loading and the loading system 
could sway freely with the frameo After reaching a cer~ain 
load the fram~s would sway sidewise and the horizontal de-
flection would increase conti~uously without additional load. 
Thus the ultimate loads of the frames were obtained and com-
parisons with those of the theoretical predictions were made. 
-~ 
··) ------·---·-----~-·· .... _ .. _ ~,---.··-. -----~-
,:,,· 
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2o DliSCRIPTION OF FRAMES 
l .(. 
.... ,;, 4 
,4·.-o,l Characteristic Features of Test Frames 
The frames were single ba~ rectangular rigid frames as 
I 
summarized in Table l and d·etailed in Figo 3 o Three sets 
of frames with span lengths of 67 T2 inches and heights of 
43 ftp 65 i! and 87 ~ inches respectively were designated 
as W--1~ W-2 and Wc=3 in sequence of their heigh.to 
The following features of· the frames distinguish the 
present investiga ti6n from its pred,ecessors o 
(1) Frames were subjected to a primary bending moment 
and were loaded into the inelastic rangeo 
f2) The most practical structural shape of WF section 
was adoptedo 
{3) ,,,--~bers of a frame were subjected to strong axis 
bending, thereforej two .frames with a bracing 
system between them were tested at the same time 
to eliminate premature lateral~torsional buckling. 
(4) The load vso slenderness ratio of the columns were 
chosen as variables in this investigationo 
. ·'' 
' 
,.. .. ,' .. 
1 
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From the theory of eccentrically loaded column·s, it is 
lrn.own that the effect of eccen.tricity upon buckling strength 
is considerable in the plasti.c range of buckling but tapers 
ot:f in the elastic range with increasing slenderness ratio 
or the column.so This implies that the slenderness ratio of 
the columns or a frame plays an important role in the buck-
ling strength of the frame in t~e inelastic range o There.fore, 
three sets o:f frames with di:C.ferent column heights were 
testedo The slenderness rat1os of the columns were chosen 
such that inelastic buckling of a .frame would occur prior 
to the rormation of failure mechanism in simple plastic 
theoryo The variables governing the buckling strength were 
~ h the load P on the column and alendernes s ratio r of the 
X 
column~ while the span length and cross section o.f the member 
were kept the same for the three rrameso 
. 2o2 Sec~ional Propertie~ 
The spape of the cross section of the member is one of 
the important factors affecting tp.e buckling loado Some 
frame stability tests have been conducted using box sections, 
tubes or solid bars but so far no test of this kind has been 
conducted using WF se~tiono In practical building .frames, 
.. however 9 WF sections are commonly usedo Therefor·e, the 
frames were fabricated from 2 ix ii WF shapes designated 
........ - '':!' .......... ,,_,; - . "'·-. .. ........ . 
' .. ·- :, . . ·-· .. :,,;, ~ ._~ ... : ...... ---~·--···:'·-.,;:, ·-~·:: -,,. ,: ····.·- ·:· . • , l ··.'· .', .,··: • • --=~· .. ;; •. .. . . .. . 
..r._ 
',' 
i 
i.Noo M ... 2362 by Bethlehem Steel Companyo The cross sectional 
dimensions were measured with the aid of a micrometer and 
"':~ 
actual properties of the section were compared with those 
given by Bethlehem_Steel Companyo A comparison of the actual 
and nominal properties is sho~ in Table 20 
.; .... ,~ 
2o3 Material Properties 
The material properties of the member were determined 
i-J·,,y tension coupon test 51 stub column test and control beam 
'te_-st:e Two coupons cut fro_m thE;), flanges and o-ne from the web 
bf the section were t·e_sted in a screw type testing machine. 
' ,' 
~oa.11 and elon·gat-io·n over a 6 ino gage length were measured 
and plotted by means of a Tiniua~Olsen extensometer and a 
low-magnification automatic stress~strain recordero The rate 
. ~-, 
of application of load was about 00025 inch per minute and 0.1 
.. 
. }ndh per minute after strain hardeningo After the yielding 
r:e_gi-o-n had been reached but before strain-hardening had 
,cornmenced.9 the strain rate was reduced to zero for a period 
:of a~w minutes to a-llow the load to reach an equilibrium 
:pointo From this readi-ng the lowest possible yield stress 
'C_ould be eal-cu,lated, thus insuring that in the actual test 
s:t;_ructure the yield stress would be equal to this or greater~ 
:·The· -results of coupon tests are summarized in Table 4. 
A cross-s-ection ( s_tub~Golumn) test was made to find the 
:cn:>mpressive_ st~ress~strain curve of a full cro~·s=~ection o:f 
I 
.~ 
- .. - - - - . - .;; -·- - . - .: .. -· -. . - . - - ..... . . - ": - -~ . ::. - -- - . - - .'. .:· ~ - -
: ;,,,, 
-~ \ 
:~--~ ... - .--. .. :-;, ·..:~ _._._._ )· :-·_ ... :·· - - . --- - - . - . - - -- ... :· 
r 
. i. 
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·the me.mber of the frames o This was an axial compression test 
'y 1 
i 
which gave the integrated erfect of different web and flange 
strengths in one test,, The main purpose of,the test was to 
obtain a compressive yield value to use in predicting the 
th\;-eoretical buckling loado It should be po·inted out that 
there is a substantial difference of yie·l·d stre.ss level be-
tween flange and web, as shown 1-ri :t:hEr :r.e:fults o_f .coupon tests 
in Table 3. Therefore, t_he stub .Q:0_··1umrt t_e:3-t; i·s necessary and 
~J1e res-q.lt of the test gives a more r·e.asonable yield stress 
level. The. :specimen was .6 i·inch:ets· in.: _lengtho Two SR-4 strain 
r 
I 
gages were- p:rovide~ for the. me-:~~·ur.ements of strains. Prior 
t'";;, 
to the ··stres.s ... strain test';. tJ1e' s:peciirne.·n. was aligned to insure 
:c.oricen:tr:fc :l·oadingo The· resJi"lt. -of ·t.ne test is shown in Fig. 4. 
·to ·the. r·.es:u,l.t ob·ta--:ine·d from. .stu:P column t~s:·to· Therefore, the 
i~V~rage value. O·f. 42a 693 ··k~li wtis -adopted }1s the yield stress 
level. 
In o,r"Cler: t·o ·obt.~_ip._ the actual moment-curva tu.re relation-
\ 
ship of the section a.a shown in Figo 5 ~- a control beam test 
was necessary. The ·t;·est setup is shown,.: j._n Figo G. ·· The beam 
was simply supported a-t: its .end;s and loaded at its third points 
I 
.:causing pure bending in the portion between the concer;i.trated 
loads$ Two optical mirrors were attached to .rods we~ded per-
pendicular to the plane of the beam· at the lqad points. The 
it 
mirrors reflect'ed t_··he. ima·:g~. of a graduat1e:s-: scale 10 feet away 
. - - . - - .. -. :; · .. -.. :· - ~· ,_ -·. - ": :- •' ,. ·.--- - -: -. - -· •,. . - -· . ": -..... 
·.{ 
··,-,_ 
I . . . . . 
,a.: 
tf 
• ·., ,: C • .'•: , •, ,_··.: :,i'.· ',_'-'•\.:''.'· ---~--~·-~· j . . , ..... ·-··:· --c· .. ·-·,-·., 
• 1 
-L 
-10 ... l_- i 
from the center of the beamo When load was applied, the 1. ~., 
beam and the attached mirrors as well, rotatedo Readings 
of the rerlected image of the scales in each mirror were 
obtained through a transito The increments of the scale 
readings were used to calculate the angular rotation be-
tween the points of the two mirrorso The unit angular 
r_otation gave the curvature o:f the beam under the applied 
memento :The momenteDcurvature curve of the section is 
-plotted in Figo · 6,o :$·R-c::,4 strain gages· atta.ched at the 
flanges also provide.d addit·ional results for checke The 
plastic moment Mp· from t~e test ~~~ult was 4706 kips-in. 
~owever~ another Mp of 46087 kips~ino was obtained by cal-
culation based on the measured area of the section and the 
adopted yield etr.ee.s- levelo Therefore it was· decided that 
Mp value o:f 4 7 kips!=::1-no: .would be adopted for theoretical 
predictionso 
-~04 Loading Condition of Test Frames 
- ' 
-, 
___.:ort 
As shown in Figo 2 a uniform beam loading was approxi-
·niat.ed by three concentrated loads E10 · A concentrated load P 
at _the top of the __ c_oJ.-µmn _repres_ented the _ _loada __ f_rmn the upper -· -· --- --"- ---- - K- ~ • .- ·----•• -'O ~~--··•- - •••---•. ·- •·--'--~----·-----------•· - •• •·• -• • ·- •• ,. --
)J_, ·. floorso This particular loading condition would simulate a 
condition that may be expected in the lower stories of a tall 
building. A parameter a which relates the magnitude of the 
-concentrated ·column load P to the beam load P1 was kept con-
stant for each caseo This implied that the beam and column 
loads were assumed to-increase simultaneously with a fixed 
·-.;..... .. :.. . . ~~·~ 
\. 
. I 
~11 
ratio a between themo The total number of stories was then 
a+lo In this experiment a was about twoj therefore, the 
frames could be considered as the first story o!' a three-
story buildingo 
2e5 Design of Test Frames 
The frames were designed according to the method of 
plastic design outlined in References (2) and {J) o Since 
-the loading pattern and the size or the beam had been 
"°<i 
selected in advance, maximum moments and forces throughout 
the frame could be determined on the basis of a simple 
plastic analysis considering a beam mech~nismo Knowing 
these moments and forcesj base fittings and welded connec-
t.i.ons wer<3 designedo 
The knees S> column base plates and loading points on 
the beams were of all-welded construction. The frame~ were 
fabricated in the laboratory by welders and fitters-whose 
regular jobs involve similar operations at the plant of' a 
steel fabricatoro 
:2o·.6 Lateral Bracing Szstem 
· .. 
... ·• 
. - ................ ' .... ~ ......... .. 
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Past experience in testing rigid f'rames into the plast_ic 
range had shown that adequate lateral support was essential 
(\1 
if the theoretical ultimate load was to be attainedo This 
would prevent lateral-torsional buckling of the membero In 
this investigation two frames. connected by a 1·ateral bracing 
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system were tested at the same timeo Thus eliminating possii 
ble frictional forces to be developed between the model frame 
and lateral supporting guide if a single frame would be tested. 
The system. w-as -composed of welded purlins made from 
xi" channels and cross braces. The cross braces ~re ,. 
made ln d 1 of 4 'f' threaded steel bar» 2 2_" turn buckles and hooks.,. 
The cross sectional properties of the purlins are given in 
Table )o The spacing of purlins w~s less than 45 ry of the 
main frame member which was well within the critical length 
fbr lateral torsional buckling in the inelastic range as 
suggested in Reference 16.P where ry is the radius of: gyration 
,. 
about the weak axis of the sectiono The lateral bracing 
.-
system can be seen in the photographs of the test frame in 
Figao 7, 8 and 9 o -- :-· ~· ... 
:, 
·'·---~· . 
.. ' • ' ·-'--:---·-,--. . . --·--·- • - . : - ._ --· • - - _. -_c__· --'-'-I 
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3 e LOADING SYSTEM AND TEST APPARATUS 
_):·o.1 Requirements and General AFrangement 
There are several basic principles upon which the load-
----- ~-·-1:ng-·-s-ys--tem and test apparatus were designedo These require-
ments~on the other hand~ characterize the peculiarity of the 
teat setup~ Figo 3 shows a general arrangement of test setup 
which was designed to meet the following~requirementso 
(1) Proportional loading should holdo 
{2) Loading systems should not restrain the frame from 
sidesway movemento 
·(3) Load~ng system, apparatus as well as the frames, 
should be symmetrical in both directionso 
(4) Nearly perfect pin.,.,,ended column support was requiredo 
(5) Deformation of the frames at every stage of loading 
should be measured preciseiyo 
According to the above mentioned requirements j the load 
was applied cfn the frames by five sets of lever systems to-
gether with dead weight on loading basketso One end or the 
,, 
multiplication lever was connected with the base beams (ground) 
-
_ . _ --~ -by,__wire ro,pes and turnbuckles~ while the loading basket was 
. -
hung on the other endo The turnbuckles were used to adjust 
the lengths of wire rope so that the multiplication lever 
could be kept in levelo The lever ratios of multiplication 
lever were designed to magnify the dead weight on the loading 
basket and also to produce a proportional increment of load 
·, 
... · ··~-,.· ,-., · .. ,,, ... -. . ':' .. 
. ··: ·•: :-:-~·:---:--. - . - .... 
,, ; 
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on the frameso By proportional loading it.is meant that the 
ratio of column load to the beam load'was constant at the 
value and throughout the loading processo The frames to-
gether with loading system were fixed in position by four 
sets of cplumn base fixtures on the base beams so that the 
frames coul-d sway freely only in the plane of the frames. 
I I 
The two -14.'WF314 base beams and one 14WF61 beam in between 
. -~ 
were anchored to the concrete floor of the test bed by two 
1 · 
bolts of four inches in diametero The base beams were heavy 
enough to transmit the load to the floor without any appre-
·_.ciable deformationo The we1ghts used for loading were 20 
' 
and 50 pound steel blocks .. and assorted· round blocks with 
varying weights of 10 to 55 pounds as shown on the baskets 
in FigselO~ 11 and 120 They were provided by Bethlehem 
:~·teel Companyo 
Beam Loading System 
I 
Section A~A of Figo 3 indicates the type of loading 
device which transmits the loading weight on the basket to 
the beams of the frames o There are three i·dentical devices 
-0 
hung on the middle o-f the third point of the beams o Since 
the systems·were connected with tbe base beam.by wire ropes, 
. \ . . . 
0 
initiation of sidesway of the frames would not be prevented. 
·At the six loading points on the beams, specially designed 
hangers connected the loading system to the fra.meso At the 
point of attachment of the ,.3I5o 7 multiplication lever to the 
-· 
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3'I5o 7 spreader beam; a screw device was provided to allow 
equal distribution of the load to each rrameo Any error in 
j the lever ratio o·f the multiplication levers could produce 
an incorrect load on the beamso This could be corrected by 
putting a slightly different weight on the loading basket so 
that the six readings from the dynamometers were nearly equal. 
The reading rrom the dynamometers gave directly the magnitude 
of the concentrated load P1 on the beamo 
3·o3 ,Column Loading System 
Referring to the elevation of -Fi·go 3j there are two sets 
.rJi' column loading systemS) one at each end of the frame I) Each 
c·olumn loading system applies a concentrated load to the pair 
o.-f columns at its end of the frame o A multiplication lever 
·made from a ,6 B 12 with wel.ded 1/4 inch cover plates was 
rested on a spreader beam of 6 B 12 sectiono A roller support 
between the spreader beam and the multiplication lever en-
,·,.,, in. 
(. I 
abled the frames to sway rreely without introducing serious 
frictional forceo As shown in Figo 13 a shaft and two sets 
of roller bearinpJwere fitted into a pillow block and a 
- -pillow· block was\ scr-ewed t-e·····,e·a-ech--spre-ader l>·e-am 0 - -A sample 
•(. 
bearing was .proof tested under vertical load of 20 kips to 
assure adequate rolling capacity of the bearing during the 
testo 
·t· 
-~. ,_· ·-· 
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·/ One end of the mul·t.-iplic·ation lever was tied down to 
the base beam by a ~/2 i:nch diameter wire rope, a dynamometer 
and a turnbuckleo The- turnbuckle was used to adjust the length<,· 
of the wire rope to keep the multiplication lever in levelo 
Otherwise a horizontal ·component of force from the loading 
beam would tend to push the frame sidewiseo The column load 
P was obtained by adding 'hie dynamometer reading in the tie' 
down wire. rope to the weight of t.he loading beams plus the 
.weight of the loading basket and ·added weights o 
3 o4 Column Base Fixture 
S·ince a slight restraint at the column end ·tends to in-
crease the buckling load considerably as shown in.Refo 17, a 
perfe9.t pin-ended support free from any restraint was· 
:ne,c~-~sa:ry~ :Figo 14 shows the deta·ils of one of the column 
~~.~ 
.. , ,, ' 
base .fixtures usedo The column· base plate was·connected to a 
t 
shaft which was cut flat at the top so that the base plate 
could fully rest on the shafto Four 3/16" ¢ screw were used 
to fix the column to the shafto The shaft was fitted into 
1 
two roller bearings of 40 ton capacity eacho . The bearings 
---· 
. :·. ·,·. -~ .. •; '.'.' 
. , .. 
.. -- - - I 
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11! 
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Ii' 
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lj 
I 
were hel_9-____ ~~-----~---~!).~)~<?~ p_!~g~}~----~!i!~~- ~a~--~~~~~~-~ to a stiffene~ _______ _ 
,' 
....... _ 
/ ---
------~---
. -. 
base boxo The base box was then clamped to the flange of a 
9.ase beamo In order to assure that no slip would occur be-
,,~ 
tween the base box and base beam during test, spot welding of 
about one inch in length was done after alignment of the 
frames was completedo Then the frames could only sway freely 
---··--· ... - in.-the dir.ection o:r the plane of the frameo 
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Jo5 Deflection Measurement 
The deflections of the beams and· columns of the frame 
at the end of each loading increment were measured by a 
graduated scale and transito The scale was about one,foot 
in lengtho One end of the scale was pointed -so that it 
I ... 
·-·,·1 ... 
could be inserted into punched holes on the frameo The holes 
were punched 6 inches apart throughout·"·£.he · outer s1J,r-face of 
the f'langes of 1th8 frame members o The~ ttern of the holes 
is shown in Figo 150 
Three trans 1 ts~ one .for each member~ were set up in 
front of the frame for deflection measurement. Reference 
points were marked on the floor and wall to fix the positions 
of the transits and their .directions of observationo The 
.deflection was read accurately to O:o O·l inch and estimated/ 
tb ·the next digito 
As shown in Figso 10, 11 and 12 !J there ·was: a vertical . 
rod beside each columno Horizontal lines on· the rod were 
drawn. at the same level as the punched holes on the columnso 
By holding the scale in the punched holes ·and along the line, 
' 
-··-·-·--····--···-····-··-----. ------ .. -------horfzonta-1 det1·ect·1on--or-·--t]i€f--coltiinn was ·read through- -a transit ________ ------- -
;,,;.;.:.. ·--- - .- ;_. - ·-=- -~· -·-.::· 
which could .. 'dnly rotate i:p a vertical plane parallel to the 
columno In order to measure the vertical deflection on each 
beamj) a triangular plate wa-s used to assure the vertical \ · 
" 
position o:f the scale .. The transit was fixed against.vertical 
rotation but it could rotate in a horizontal plane along the 
. ·-- ,._ .. -- ,~,--------~ ~,. .·,.·--··~•-•,. 
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_3:06 Strain Measurement 
Strain in the frames was measured by attached strain 
(~-=--gages o All strain gages were electric resistance SR-4 · type 
A-1 linear gageso The location of the gages on the frame is 
, shown in Figo 160 There were 24 gages throughout the frames. 
The gage readings were used to align the point "Qf. application 
I 
• ! 
'j" 
of the loado The alignment would not be perrect until the 
strain reading showed symmetrical figures in both directions. 
A relatively small number of gages was used on the tests, 
becatise the elastic behavior of the frame was not being 
emphasized in the investigationo· After the yield point has 
b·een reached at a gage location, knowledge of the exact 
magnitude_ of strain is not of prime importance, however, all 
of the strain readings were taken after each increment of 
l_oa.d throughout the test o The strain gages were connected to 
~: switch box and then to the strain indicatorso 
- . ·------·----· ... ·--·. - . - . .. . -· --- ----
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5.o TEST PROCEDURE 
Setup 
tne frames 
mounted and 
indicatorso 
were erected on the base beam, strain 
wires were connected to the switch 
Then the frames were whitewashed 
with hydrated limeo Flaking of the whitewash during testing 
indicates the progressi'<,n of yieldingo Initial readings of 
.. 
' strains and dynamometers were taken before the heavy ·1oading 
beams and baskets were put on the frameo After the loading 
beams were set in position~ turnbuckles were adjusted to 
keep the loading beams·levelo 
5o 2 Ali,grunent of Test Frames 
Around 200 pounds of weight was loaded on each loading 
basketo By taking increments or the load dynamometer read-
ing~ it was easy to figure out which side of the frames was 
.. ~,-~~ .. ,.p. 
overloadede The weight was unloaded and the lever ratio of 
the multiplication lever was adjustedo The process was re-
peated until the difference was within 5%o 
After alignment of the multiplication lever was finished, 
.J 
.. 1,.· -·--------:·· --~·-·-- -· --- __ , _____ --
strai!}"'readings were takeno Unsymmetrical strain readings 
indicated that the point of application of the loading system ~ 
was deviatedo Again the weight was removed to adjust the 
I 
I 
position Qf the spreader beam on the columns o Alignment was 
continued until the increments of' reading from stra·in indi-
cators and dynamometers gave symmetrical values within 5% error. 
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It is of interest to point out that for the first and second 
sets of load increments~ the readings were not quite satis-
factorye Howeveri when the load was increased morei the 
.. 
results tended to be more reliableo An explanation for this 
t 
could be that the initial deformation in the 'wire and multi-
'\ 
plication lever affected the initial reading very mu~ho 
.5:o3 Testing 
Figures 10, 11 and 12 show the testing of frames W-1, 
W~2 and W~3 respectivelyo In order to keep the relationship 
~1 
of proportional loading~ 80 pounds of weight was loaded 
initially on each of the three baskets of the beamso This 
was an adjustment to the different weight or multiplication 
levers -- for the columns o From then on~ the same weight on 
each basket would produce proportional loading on the frames. 
Two men were necessary.for reading and recording the 
dynamometers and strain indicatorso The applied loads on 
the _beams were calculated by multiplying the measured strain 
increments by the constants obtained from dynamometer._. cali-
brationso In case the loading obtained from the dynamometers 
- ----- --- ---- - -was no-t sa-t-isfactory.P 1-t-- coul-d be adjusted by putting on the 
. baskets.a slightly different weight for the next loadingo 
"t 
Another couple of men took care o:f the deflection rneasure-
mentG One held the scalei while the other took the.readings 
through the transito The scale was shifted from one position 
to another, and hence _the deflections of the beams and columns 
were obtainedo 
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After each increment of loadg the deflections at the 
centers of the beams were measured and plotted on the pre-. 
•',,\ 
dieted curve o This, ,load vs o deflection curve would justify 
that both the testing apparatus and the frames were function-
ing satisfactorilyo 
For frame W~l, the first five sets of load increments 
-~ I 't 
were about 200 pounds in each basket o . The increment··. was 
gradually decreased to about 10 pounds at the final loading, 
Noo tl9o After loading Noo 10 visible yielding on the frames 
was observed at the inner surf~1ce of the right column at the 
cornero This·was the first indication that the frames might 
sway to the righto The frames started to sway visibly at · 
loading Noo 11. From then on 9 it took more than 20 minutes 
of waiting for the frame to slow down the sidesway motiono 
~ . ,.. Several jacks and wood blocks were put under the baskets to 
assure that no sudden failure of the frame would occuro At 
the final loading the frames swayed slowly and continuously, 
iherefore
9 
no deflection was taken and the test was finished • 
Frame W-2 was 22 inches higher than frazje W-lo The 
·-- ·- -wire r o pea on-t-h-e---- load-1-n-g--W-a-Wl- were made ___ 22 __ inches_ lq!}g§'r ~ 
The load increment was 200 pounds for the first five sets, 
then seven sets of 10.0 pound _increments 4 followed-o Finally 
three sets of JO pound increments concluded the tea~ / -
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Frame W-3 was about ,9 1'eet in height above the floor so 
it vibrated considerably after each loading processo At the 
end of test the frames swayed considerably so that the rotation 
at the knee caused the spreader beam at the top of the column 
to tilt too mucho Eventually the spreader beam overturned and 
multiplication beam above slid down on the frame o 
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5 o T.EST RESULTS AND THEI.R COMPARISON WITH 
THEORETICAL PREDICTIONS 
;,.,_ .. -
... · 5ol Test Results 
Generally speaking~ the test frames· and the apparatus 
-~------- ~~--- ·- --
behaved satisractorily throughout the testo 
The deformed shapes of the fr8:mes Wc::>l and Wc::>2 are shown 
in Figo 17 and 18 respectivelyo The last set of <ief'lections 
was not taken due to overturning of one of the spreader beams 
at the top o:f the colurnn 9 therefore .Q the deformed shape of 
frame_ w=, 3 is not showno 
The dotted lines in Figo 17 and 18 show the de:flected 
shape of the frames when the horizontal deflection of the 
q 
,. 
col~ top first became noticeable a The ~oad _corresponding 
c::::i 
· to this point is de.fined as critical load Pero The solid 
line's show the shape of the frames just before the ultimate 
c:::, 
load Pult was reachedo Any further increase or· the applied 
load would have caused continued sway of the frames o This. is 
·t·he maximum load the frame can carry and is defined as ultimate 
load Pu1 to 
'The test results were plotted in Figso 19~ eo and 21 as 
~ ·th·e :1oad versus horizontal deflection curve at the '~-column top • 
~ 
f>.4.-. -
="' ·~The predicted _buckling loads Ppre were shown as dotted lines 
,I' 
on deflection curves of the Southea~t columns of the frames • 
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·'Table 5 provides a summary of all the test resul ta and 
of the theoretical analysiso The ultimate loads obtained 
from the tests are llol72~ 100136 and 90160 kips compared 
~ to the predicted buckling loads of 10o648~ 10Ql81 and 8.611 
kips for ·frames W~l~ W~2 and W~3 respectivelye 
Because of the satisfactory lateral supporting system, 
the two frames were acting together as one frame and no 
lateral buckling of the members was observed before the 
ultimate loads were reached in any of the three testso 
5o2 Comparison of Test.Results with Theoretical Prediction 
=> 
The ultimate loads Pult obtained from the tests were 
} 
~plott~d as points Wc:,1.9 W=i2 and W= 3 in Figo 22 o The curves 
in the graphs·· show the predicted inelastic buckling loads 
based on the theory given in Refo 120 For frames W~l and W-3, 
the experimental loads are several percent higher than the 
predicted loads, while both experimental and predicted loads 
are about equal for frame W~2o The average error between the 
theoretical prediction and test results is leas than 4%o As 
shown in Figo 22j a different coefficient of proportionality 
a was used for frame W~Jo It was believed .,from p~evious test 
results that rrame w~3 would fail by elastic bucklin&6 There-
fore, a was r~duced to 108 to assure that the frame would 
... ' . ···~ . 
buckle in the inelastic rangeo 
. , 
,-;, .... > 
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Q • 
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t:=I 
The experimental buckling load Pult was compared 
with 
c::, 
·' 
the predicted buckling load Ppre l' beam_,column irrstab
ili ty 
c:::::t 
c:o 
load Pum and simple plastic load Pu as summarized
 in Table 5o ·~ 
.l 
5o3 Comparison with the AISC Formula 
To safeguard against frame instability in plastical
ly 
designed one~ and two~story rigid frames 9 the follow
ing rule 
is recommended in the AISC Plastic Design Manualo
 (lB) 
"Columns in continuous frames where sidesway is n
ot 
~~ 
prevented (ti) by diagonal bracing {b) · b-y attachment to an 
adjacent structure having ample lateral stability or(~) by 
floor slabs or roof decks secured horizontally by wa
lls or 
bracing systems pa.rallel to the pl,ane of the cont
inuous frames 
shall be so 
where 
proportioned that 
p . h < 
2 p + ?Or - loO y 
·1 P = the axial force in the column when the 
frame carries its maximum_loado 
Py -- the axial yield load of the column 
h 
-
-
-
slenderness ratio of the column" 
r 
The justification of this rule can be found in Rer.(3). 
A frame with a combination of axial load and column 
slender-
ness ratio within the triangular envelope in Figo 23 ca
n 
L 
carry as much load as a braced frameo Test results·
 indicated 
that Frame W-1 could carry 96o9% of the load of a brac
ed frame. 
. °"I-
.l 
'f 
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The point is very close to the 100% tine, therefore, the 
formula is quite accurate , in the vicinity of thJ loading 
~· . 
and slenderness ratio of frame WCIDlo .• 
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' ' 60 CONCLUSIONS 
.\ 
The followi~g conclusions can be drawn from the results 
.. "tjf_ the investigation presented in this paper o 
(1) The predicted buckling loads are very close to the 
\: 
experimental buckling loads and are less than 4% on the safe 
side as could be observed in Ta2le 5o This indicates both ~ ~J,;; N~ 
!,1 
the theory and the test are very satisfactory and succesa£ul. 
c::::> (2) The .ultimate load Pu1t is about 84% of the simple 
plastic loado _ The reduction in load carrying capacity from 
\ 
simple plastic load is too large to be neglectedo Therefore, 
a check against frame stability sti,ould. be made in plastically 
:e, . , ~,.. , ,;;if. :'.l . I , ,, 
designed frame o 
'I ,,, (3) The design.a of model frames and test setup are 
very satisfactory a_s evidenced by the test resultso The 
success of this test could be considered as a cornerstone 
to a ~ore complicated test of multi=story frameo 
' (4) The agreement of the test results with the AISC 
formula for the slenderness of columns in frames not braced 
against sidesway provides confidence that the AISC formula 
will safeguard ag~i11at the frame stability problem in plasti-
cally designed frameso Since no tests were conducted in the 
regions of higher and lower axial load, a more precise design 
formula can not be reconnnended nowo However, examination of 
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these results in the light of the approximate theoretical 
analysis given in Refo 3 suggests that the AISC formula may 
be more conservative in these regionso 
The inelastic buckling problem of single story rectangular 
frame has been properly solved and future work should be done 
on the stability of multi~story frameso 
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Tab le 3 o SECTIONAL PROPERTIES OF· 1-'URLIN 
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where OJ= Static Yield Level 
Gutt = Ultimate Tensile Strength 
~,=Initial Yield Strain 
. .,-..;,_, 
Eg = Strain at Initiation of Strain Hardening 
• 
E =-~odulus of' ~lastioity 
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